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'CLOUDS 

We a the r Bwe aux 

fkasurements of 'the v e r t i c a l  di ,s t r ibut lon of l i q u i d  water 
concentrat lon and drop s i z e  have been made i n  winter s t r a t u s  
clouds i n  the absence o f  s i g n i f i c a n t  cyclonic o r  f r o n t a l  
a c t i v i t y ,  The qbservations iizdiczte t h a t  the clouds are  
formed by turbulen t  m i x i n g  of the  lower l aye r s  of' the atmos- 
phere, r e s u l t i n g  i n  a region of constant speoi f ic  humidity and 
ad iaba t ic  l q s e  r a t e s .  Calculations based on these character-  
i s t i c s  vmre usec? t o  cons t ruc t  a graph which gives $he lAquid 
water c3ncentrnt ion i r?  terms o f  the temperature a t  the cloud 
base and the height  above the  base, t n  clouds f r o m  which no 
snow was f a l l i n g ,  the rneasured values were i n  good agreement 
w i t h  those-g tven  by the  graph, 
the  liq?xid water content e spec ia l ly  i n  t h e  lower p a r t  o f  the  
cloud l aye r ,  causing d i s s ipa t fon  o f  the  cloud from the base 
upwards 

The technique used f o r  measuring drop s i z e s  gives only 
t he  maximum size present and hence only minln?wn values f o r  the 
number of drops.  The r e s u l t s  obtained are cons is ten t  with the 
theory t h a t  the number of drogs per  un i t  volume i s  constant 
within the cloud and the s i z e  d i s t r i b u t i o n  I s  more uniform i n  
the upper layers. 

Snowfall wag found t o  deple te  

Reasonable assumptions concerning maximum cloud th3ckness 
lead t o  the conclusion tha t  t h e  liqu5.d water concentrat ton a t  
temperatures below f reez ing  i n  noncyclonia s t r a t u s  w i l l  not 
exceed I.,5 grams 3er  cubic meter. 

XThis re3oi.t m s  p r e p r e d  by Itr, Lewls i n  co l labora t ion  w i t h  
the  staff '  o f  the A3ies Laboratory during 9 period o f  ac t ive  
par t icLpat ion  by M r .  Lewis in the NACA icing research 
bpr o g r  am 
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s e n s i t i v e  t o  small a.mounta o f  moisture. The iq3ingement of 
d rops  on the  c y l i n d e r  caused. w e t t i n g  o f  a striT d o n s  the ?*rind- 
ward- sid.e which was i d e n t i f i e d ,  by a. change of c o l o r  o f  t h e  
b l u e p r i n t  paper. According t o  t h e  t h e o r y  o f  the novement of 
drops around a cyl ind-er  ass developed b y  Glaue r t  ( r e f e r e n c e  2 ) ,  
t h e  v i d . t h  of the area of imj?inaenent o f  dray i s  a fu-nction of 
t h e  a i r s p e e d ,  the  d r o p  gize, and. the  d-iameter o f  t b e  c y l i n d e r .  
Data from G l a u e r t  E: pape r  , corrected-  f o r  d.eviatiorzs frorn 
Stokes!  law, v e r e  used t o  draw a s e t  o f  curves  vrhich g ive  the 
drop d iame te r  d . i r e c t l y  from t h e  width of the a r e a  o f  inpinge- 
ment and- t h e  a i r s p e e d ,  These curveb de termine  the diariieter 
v i t h  an accu racy  of about  2 2  p e r c e n t ;  hoT,JevEr, i t  m u s t  be k e p t  
i n  mind that  t h e s e  reru1tt;s conta~in ~ .ny  errors that  may be 
p r e s e n t  i n  GIauert'P data. This nethod. gives o n l y  the s i z e  of 
the l a r g e s t  d r o p s  that  a r e  v e s e n t  i i l  s u f f i c i e n i ;  q u a n t i t y  t o  
a f f e c t  t h e  b l u e p r i n t  w p - r  and. tells n o t h i n g  d i r e c t l y  s-bout 
t h e  s i z e  d i g t r i b u t i o n ,  

The q u a n t i t y  used i n  t h i s  report  t o  regregent drop s i z e  i s  
the  mags o f  on3 6 ro?  tzms lo8 ,  
d.ePignated 17100, r e p r e e e n t ~  the l i q u i d  m t e r  c o n c e n t r a t i o n  
i n  grams p e r  c u b i c  meter  o f  a c loud  hav ing  1-00 Fuch d rops  pep  
c u b i c  c e n t i m e t e r .  If t h e  d.ross  are all t h e  GaTile s i z e ,  the 
number of drops y e r  c u b i c  c e n t l z e t e r  i e  obtaiiled- by d-ivi6.ing 
t h e  measured. l iquid-  . -. .- - - - wate r  b y  If t h e  s i z e  d - i s t r i b J t i o n  
i s  n o t  uniform, the c a l c u l a t e d -  nurrber o f  d w p s  vi11 be Loo 
emall. 

This  q u a n t i t y ,  T;;hicIi is 

V100. 

Tl?e d a t a  YArere co l l ec t ed -  by f l y i n g  t h e  a i r p l z n e  i n  a c i r c l e  
a t  cons t an t  r a t e  o f  c l i n b  from it p o i s t  in the c l e a r  a i r  below 
t h e  cloud- (whe:cl :3o,ossible) t o  a 13oint a.bove the cloud- top' 
Readings o f  a11 inFt ruments  v e r e  tdr-en freque-iztly d u r i n g  t h e  
cl imb and t h e  r e s u l t i n g  v a l u e s  were p l o t t e d  a g a i n s t  a l - t i t ude .  
S i m i l a r  r e e d i n g s  v e r e  r-mc?.e i n  deGcen% th rough t h e  cloi,nd- l a y e r .  

E4ETEOROLOG-I GAL DISCUSSI OM 

Tine t empera tu re  aar?. dew-point c u r v e s  obtained- as me- 
v i o u s l y  out l ined-  pupport  t h e  v i e v  tha t  t h e s e  s t r a t u s  c louds 
a r e  formed a t  the t o p  of the s u r f a c e  t u r b ~ x l e n c e  l a y e r  a t  2000 
t o  4000 f e e t  above t h e  "round- 3 s  2- rceult of tlie doarfivard ed-dy 
f l u x  o f  h e n t  and. upward f l u x  o f  molfi'cure. Once condeneet ion 
hag begun, r a d i a t i o n  f ron  t h e  upye3: s u r f p e e  of the c louds  pro- 
v i d e s  a d - d i t i o n a l  coo l ing ,  T-rhicIi c m s e s  the  cloud- l a y e r  t o  
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i n c r e a s e  in thlckness and, inten~lfics t h e  v e r t i c a l  n i x i n g  
which mafnta ins  adiabatic xepeo rates f r m  t h e  ground t o  the 
t o p  of' the  cloud, The rad is . t ionaf ,  coa l ing  of t q e  cl0u.d. l a y e r  
also 8erves  t o  estzblish and ma9nt;a?r1 E sharp t e m e r a t u r e  
i n v e r s f o n  at the cloud t o p  which K9.Std3liShOs 8i-1 upper l i m i t  t o  
the t u r b u l e n t  and convect;ivo ~A,xiag and. thus v r e v e n t s  l o f i ~  of 
moisture t o  t h e  d r i e r  l a y e r s  d . o f t ,  The Rtructure of this 
noncycLcnic w i n t e r  s t r a t u s  is very e i rn i l a r  30 that or" the  
summer stratus o f  t he  P a c i f i c  cnd &.If coas ts .  

Accord-ing t o  t h e  ZeneralLy nccz$cd theory  o f  ati-coeTheric 
condensa t ion  a s  ;?reRen's&- by Pe t t e r see r i  ( r e f e r e n c e  k ) an8 
Sfmgson (reference fj}, the nur?,ber ~f C!ro?s ?Der u n i t  volv-me i n  
a c loud  is cietermined- by " r e  numbcr mi?. s i z e  d i s t r i b u t i o n  of 
t h e  hygroscopic  n u c l e i  p r e s e n t  and 3 ? _ c  r e t e  o f  cooling a t  the 
time of condensa t ion .  If' C O O l i i 1 ~  is VCYY g10v7, oll ly Pl ight  
swpersa turp+t lon  w i l l .  occur ai?? only %.?'?_E largeet nuclei vi11 
becorne e f f e c t i v e  as c e n t e r a  of  cond.ensRtion, iAThi3-e m r e  ra.F?"ld 
c o o l i n g  proc?.uces a h i p h e r  l i e p e e  cf m.,yx?rgsturation and+ a 
l a r g e r  number o f  n u c l e i  becorne a.c$ive. AF: c ~ 0 1 t i - g  c o n t i n m a ,  
the  number of drops remains cons t an t  ~ - h i l e  the l iquid.  ~:7a'cer 
c o n c e n t r a t i o n  and d-rop s i  2 8  increase t o g e t h e r ,  Calculations 

,mad-e by  P e t t e r a s e n  ( r e f e r e n c e  4) :wing an eqiza'clon S?evelap?d 



x 

NACA TH No, 1391 5 

by Boughton show that 8 s  t h e  drops grow the size becomes nore 
uniform. These facts Fuggest, -:herefore, that t h e  use o f  the  
cjTl inder  method i n  t h e  d e t e r m i n a t i o n  o f  drop s i z e  will 9,roCiuce 
data which are a. good approxirrat ion o f  t h e  average d-rop s i z e  
at the c loud  top, but which i n d i c a t e  drop FZZSG c o n ~ i d - c r a b l y  
larger than t h e  average  n e a r  t h e  base of  t h e  cloixd. This 
r e w l t s  i n  v e l u e s  o f  N, the  number o f  d-ropa y e r  cubic c e n t i -  
meter, which are apsroxinately c o r r e c t  i n  t he  t o p  o f  t h e  c loud  
and t o o  small i n  t h e  l o v e r  2 o r t i o p s .  Aesuning that the  a c t u a l  
nuEber o f  drops ? e r  unit volumz i s  c o n s t a n t  throughornt the 
cloud, t h e  -i-a.lue o f  M calcLilate6- f o r  the rxpixr -?art nay be 
used- with the  meamred- vc?l~ies  of  1iq-Lr.Ld. water content f o r  the 
e n t i r e  l a y e r  t o  o b t c i n  a good approxication of the avesage 
drop s i z e .  

, 

During f%ig:ht 1-26 (fig. 3 ( p b ) ) ,  t h e  cloud base was very 
i n d e f i n i t e  and the lapse m t e  i n  t t lat v l c i n i t y  vas less t h a n  
t h e  aitiabetic, indica3; ing incom?;lz?;e xixii:C. - The l*?lt 'es o f  
l i q i i i d  water concentratLon,  d-etemined from f igure  1, mz-e 
1oT.Ter t h a n  t h e  ceasured- v a l u e s  n e a r  t h e  303 of the cl,oud- and 
higher n e a r  the bp..se. The d i f f e r e n c e s ,  ho?w~er, '  R:X? not  Larger 
t h a n  t h e  unccrt;p.intg o f  neasurement. The i n w e a g e  of El frorii 
t h e  b ~ s e  t o  $he - t ~ ?  of t h e  c10v.e- Layer mq7 be InterTreted- 
ei-ther 8 s  8. r e a l  i n c r e a s e  i n  ni~.iz3er- o f  drops o r  2- m r e  homo- 
g e n e o w  s i z e  d i s t r i b u t i o n  i n  -?le clou.?- The d . a t a  are no t  
i n c o n s i s t e n t  v i t h  'G?E drop- s i ze  ~ ? E G Y ~  g;iven above 5ut d.o not; 
g i v e  p o s i t i v e  ?roof ~f f t s  correctnesp.  

The c10v.d- bape 79.s nct reached on f l i g h t  127 ( f i g .  3 ( b ) )  
BS it  vas below the l o v e r  l i n i t  cf safe f l i @ t  a l t i t u d e ,  b u t  
it was apqroxinately d-etexmined. f-zon surface r e p o r t ?  as a t  
about 1200 f e e t  a-lti-Lu6-e. Thie  giveR n ~otal c l o u d  ' shickness J4 



of abou% 1000 f e e t  and a calcula.ted- aaximim l i q u i d  water 
concentration of  0.39 grams Der cubic meter as compared: with 
0.b3 as measured v i t h  the  dew-point instrument,  I n  t h i s  
f l i g h t  the  d-ata ind ica t e  a nea r ly  uniform number o f  d-rogB 
but  d a t a  a r e  ava i l ab le  only f o r  t he  ujpper half of  the cloud. 

The a2r;tenperature and- tiew-point va lues  were much lower 
(lo* 3' t o  20 F) on f1igk-i.F; 1 2 3  ( f i g .  3 ( c ) )  than on the  previ- 
ously d-iscussed f l i g h t s ,  At these temperatures it i s  l i k e l y  
that the  deposi t  on %he m i r r o r  o f  the d-ew-9oin-t in,ctrurnent was 
composed- of f r o s t  insteaci of  d-ew, Since a cloud- containing 
l iqu id ,  water drops i g  aesurned. Etaturated. with re;.pect t o  liquid- 
water i n  calculating the  free-water franr t h e  dew-point data, 
the dew point  r a t h e r  than the f r o s t  Point a u s t  be used. The 
deTrJ-point n e t e r  ree.dinga were therefore  corrected b y  sub- 
t r a c t i n g  the d i f f e rence  betveen t h e  sa tu-sa t ion  termeratures 
with respect  t o  i c e  and water. Thie flight was cond-uctedl 
after m o w  had begun t o  fall from the c loud  layer .  I n  order 
t o  interpret t he  d.ntp., then, consfderation mv.Pt be given t o  
t he  e f f e c t  of  B ~ O F T  on the l iquid-  water concentration i n  the 
clouds and. on the ~ c c u r a c y  of the measurements. 

The Effect of Snow on %he Xeasurenent o f  Liquid- Water 

85nce the  d-ew-point z e t e r  mea.mrea the d-eat l3aint of a 
sample o f  alr i n t o  &Zch all t he  f r ee  v a t e r  hag been 
evaporated-, the free-water content valuce obts?.ined i n  t h i s  
W a y  repreeent the  t0'l;a.l of  mot^ and liquid water un less  a 
cor rec t ion  1s made. This wag done by asmming that all the 
f r e e  water measured at  the a1titud.e of the cloud base 1ms 
fn the  form of' mow and tbat no  now was isresent a t  the  c10'~ld 
top.  A straigh2; l i n e  was &am between these  t w o  poin ts  t o  
represent  Fihat t he  dew s o i i r t  would. hsve been if no G ~ O T ~ J  had 
been mePent.  Thie  dew-point curve vas used. i n  ca l cu la t ing  
the liqilZd water concentration. 

The Ef fec t  o f  Snow on t h e  Liquid Mater Content 

It is not known e,t preeent whether snowflakes are formed 
a8 a result o f  the f reez ing  o f  wa,ter droTg o r  by d-e?osition 

- o f  vapor on separate  nuclef bu t  i n  e i t h e r  case it  is l i k e l y  
that  they form with Fornewhat g ~ e a t e r  frequency ir! the  upper 
po r t ions  of the  cloud winere t h e  tem:?erature is  lower. 

, 
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Yherever t h e y  form, t h e y  grow r a p i d l y ,  du.e t o  the vapor l3ressure 
d i f f e r e n c e  between i ce  and v a t e r ,  and fall t h rough  t h e  c loud  
its t h e y  g - r o ~ .  This r e s u l t a  i n  2- higher c o n c e n t r a t i o n  of snow- 
f l a k e s  and- nore rs.pid- del3let ion of l i q u i d  ?prater i n  t he  lower  
l a y e r s  of  t h e  cloud,  which r e s u l t s  i n  r a i e i n g  t h e  c2ou.d. base. 
During t h e  e a r l y  s t ageg  o f  t h i s  pyocess, 'th.e l i q u i d  va te r  
c o n c e n t r a t i o n  n e a r  t h e  t o p  o f  the c loud  !-%ere t k e r e  has been  
l i t t l e  & ? l e t i o n  may be cons ide rab ly  { x e a t s r  than v o u l d  be 
expec ted  from Zigure 1, s i n c e  the c1oV.d base  no l o n g e r  
r e p r e s e a t B  t h e  mi.xiq+ conc!.cneation I m e l .  T X p  f l i g h t '  i s  an 
example of sQch it s i % u a t i o n .  The l i q u i d .  srater  c o n c e n t r a t i o n  
i s  only  0.51 2 m . m  p r  cubfc  meter as ind-ica.ted b y  f i g u r e  1, 
w h i l e  the  measured. vs.l.cre i s  0.73. 

The a rop  s i z e s  o%nerved on t h i s  fli~ht a l s o  a r e  c o n s i s t e n t  
with t k e  i d e a  of a uniform nunber o f  drops v i t h  a n o n u n i f o r w  
s i z e  d i e t s i b u t i o n  i n  ?he Lower 1~1yeTs. 

S ince  noncyclonic  gtya,tzg cloudft a r e  formed. Trithin t h e  
m r f a c e  t z r b u l e n c e  layer, t h e  t h i c k n e s s  of thiw l a .yes  s e t s  an  
uppe r  l i n i t  t o  the  t h i c k n e s p  o f  t h e  c1ou.d layer. Tho h ighePt  
F t r a , t u s  t o n  encountered. va,s at 2-n a l ' c l t u d e  of 5300 f e e t  which 
T. .~R,F~ p.!tsout t 5 0 0  f e e t  above the ground. 
i s  about  t h e  upper- l i m i t  o f  t h e  height of the t o T s  D f  c louds  
of this type. The maximum thickneEs obseyved. vas 2400 f e e t .  
There i s  rmch o b s e r v z t i o n a l  mid-ence tc su>,port, t h e  view tkat  
v e r y  lot .  ba.ses a r e  sell?on encountered i n  etratu,c: yhen the -  tops 
a re  r s l a % i v e l y  high. It seens ' rea , . r snable  then  t o  aesuT;1e a 
c a s e  vitli it t o p  k 5 O O  f e e t  ~ I x v e  t h e  p o u n d  rad a layer 3000 
f e e t  t h i c k  i i ~  repreeecting a- good a p x ~ c x i r z 9 t i o n  t o  t h e  a o s t  
un favorab le  c o n d i t i o n  l i k e l y  t o  be n e t ,  Figure s l i a w  t h e  
r e l s  t i o n  betvee;-?. l i q u i d :  wR%er c o n c e n t r a t i o n  an6  t e q e r a t u i x  
a t  the to12 of a 3000-foot Lg.yey* 8W-s &OPTS a ~ ~ a t e i ~  c o n t e n t  
*of 1.5 g r m s  pe r  c u b i c  ze t e r  at 52 F, which i s  t h e  hig:hest 
t h a t  is likely 30 occur  a's f r e e z i n g  tempera tures .  I t  should  
be no'ted that  the  forr?.l$tfon of  ei"low.is riiuc'n more l i k e l y  E% 
t e r rye ra tu re s  beloT.7 l 5 O  F, ndc ing  t h e  e x i s t e n c e  of t h i c k  prater 
c louds  l e s s  L i k e l y  at  t h e s e  t e n p e r a t u r e e .  

It LF bel ieve8-  ~ i a f  this 
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CONCLUDING REfJlARKS 

Obscmationg made in noncyclonic wfntcr  a t r a t u s  clouds 
ind-icnte that  i f  snow i s  n o t  fa l l ing,  t he  l i q u i d  water concen- 
t r a t i o n  can be approximatcly determined f rom the tcmpcrKture 
of the  base and the thicknesrs of the layer by assuming moist- 
adiabztic h p 8 e  r a t e  9tnd c o n s t m t  t o t a l  tzratcr content within 
thc Cloud* 

The obficrvationg of drop s i z e  w e  not; incons is ten t  v i th  
the theory that the numbw of  arops per u n i t  voPume i s  constant 
throughout; the  l a y e r  ,ad the  gZzc distribution i s  more uniform 
i n  thc top t h m  near t h z  baser 

liquid. water s t a r t i n g  a t  thc: cloud base m d  continuing u n t i l  
only n t h in  Eayer of l i q u i d  water rempins i n  the t o p  of  the 

The effect  of snovftllZ 3.g P. progrcsrlvc d-eplction of 

el Oud 

Calculat ions bmed on reasonable aspurnytions concerning . 
maximum cloud Yniclmeps show tha t  the l i qu id  w @ t o r  concew 
t r a t i o n  i n  nohcyclonic s t r a t u s  cloud@ fs no t  likely t o  exceed 
1.5 grams per  cubic m c t e r  a t  tcmperntures below freezing. 

Arne s Acronnut  f. c s l  Lcborzt o ry  , 
NPJ~ t i o n a l  A d x i s o r y  Cornnittee for Acronnutlcs, 

Moffctt F ie ld ,  Calif., June 1.947. 
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Tempera tu re ,  “F Liquid w a t e r  c o n t e n t  
g r a m s  per cubic m e t e r  

Observed maximum drop 
d i a m e t e r ,  m i c r o n s  

(a) Flight 126. 

Figure 3.- Meteorological data in noncyclonic stratus clouds. 

(b) Flight 127. 

Figure 3.- Continued. 
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(c) Flight 123. 

Figure 3.- Continued. 
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(d) Flight 130. 

Figure 3.- Concluded. 
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Figure 4.- Conditions to be expected at the top of a 3000-foot cloud 
layer. Representing the probable maximum intensity of icing 
conditions in noncyclonic stratus clouds. 
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